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Abstract

We study the proton nuclear magnetic resonafeeNMR) of a model system consisting

of liquid water in infinite carbon nanotubes (CNT). Chemical shieldings are evaluated from
linear response theory, where the electronic structure is derived from density functional theory
(DFT) with plane-wave basis sets and periodic boundary conditions. The shieldings are sam-
pled from trajectories generated via first-principles molecular dynamics simulations at ambient
conditions, for water confined in (14,0) and (19,0) CNTs with diametersl1 A and 149 A,
respectively. We find that confinement within the CNT leads to a lakxge 23 ppm)upfield

shift relative to bulk liquid water. This shift is a consequence of strongly anisotropic magnetic

fields induced in the CNT by an applied magnetic field.
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The complex behavior of water in nanoscale cavities, channels, and interfaces is fundamental
to a broad range of phenomena, and can be quite different from bulk phases. In particular, single-
walled carbon nanotubes (CNT) provide a well-defined environment to study confinement &ffects,
and serve as a model for more complicated systengs,biological membrane channels. Novel
nanoscale properties of water confined to CNT channels include the experimental observation of
fast water transpoftand ion exclusior?, demonstrating the potential of CNT-based materials for
advanced nanofluidic applications.

Simulations have been crucial in elucidating the microscopic origins of such unusual phenom-
ena. However, simulations are subject to a certain number of assumptions; in particular, approxi-
mations are made in the modeling of interatomic forces. Most theoretical work on confined water
so far have relied on semiempirical model potentials that are typically fit to reproduce known bulk
behavior, whose applicability to confined water may be questionable. Strategies where interatomic
forces are evaluated from first principles electronic structure methods can provide a more unbiased
picture, without input from experiment. At present, such calculations are expensive, and limited to
water confined to narrowd(< 1.5 nm) CNTSs for short£ 20 ps) time scale$ Therefore, progress
requires exchange between theory and experiment, and it is essential to relate theoretical models
to experimentally accessible observables that can be tested and validated in the laboratory.

One important class of observables is nuclear magnetic resonance (NMR), whose use in the
structural studies of molecules and proteins is well-established. NMR techniques can resolve the
different resonance frequencies of non-equivalent nuclei, thus providing a detailed, atomic-scale
probe of the local electronic structure. The relaxation of nuclear spins contains information about
rotational and diffusional correlation times, and is sensitive to local ordermggolid versus lig-
uid). This feature has been exploited to track the onset of freezing in CNT-confined®watthr-
fortunately, it is difficult to prepare clean, uniform CNT samples for high resolution measurements.
Usually, CNT samples contain a mixture of semiconducting and metallic nanotubes with different
diameters and chiralities. Defects can be present at non-negligible concentrations, depending on

the preparation conditions. In addition, CNTs are often contaminated with the transition metal
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catalysts employed in their synthesis, and the presence of such paramagnetic impurity centers lead
to large inhomogeneous broadenings in NMR spectra.

It is therefore not surprising that there are significant discrepancies among NMR studies of
water in CNTs. Theé'H-NMR chemical shift associated with confined water in CNTs has been
reported at values ranging from aroun@ ppm downfield to-15 ppm upfield relative to the bulk
water proton resonance? Given the uncertainty in the experiments, it is important to establish a
theoretical baseline value for thel-NMR signature of confined water in an ideal, model system.

To this end, we evaluate tH&1-NMR chemical shielding tensors for water in infinite, defect-free
CNTs. These shieldings are compared to the proton shieldings for bulk water under standard con-
ditions, which is an important test case of our methodology, and serves as a point of reference for
the study of confinement effects. Our results indicate that the interior of the CNTs induces a sig-
nificant upfield shift for confined water as compared to bulk liquid water, in qualitative agreement
with the most recent experiments.

Theory and computational detailg'he application of a uniform magnetic fieBh to atoms
and molecules induces an inhomogeneous electron current d&pgity. From classical magne-
tostatics, the induced fieBli,q(r) generated by this current is given by the Biot-Savart law:

Bralr) = ¢ [0 doa®') x @

We consider the linear response to the external field, so that the induced field can be expressed as
Bina(r) = —o(r) - Bo. (2)

The tensoro (r) characterizes the shielding Bg by the electrons, and reflects the details of the
local electronic structure. NMR probesr) at nuclear positions = r; in this case, it is referred
to as the chemical shielding tensor associated with nuclei X.

For periodic systemsling(r), Bing(r), ando(r) are periodic functions af, and so it is more

convenient to work in their Fourier representations. Thg 0 Fourier components d;,q(r) are
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evaluated from Eq. (1) as

Bing(G #0) = .‘%’f& % 3na(G), 3)

and substituting into the Fourier transform of Eq. (2) gives@ 0 components of the shielding
tensor. TheG = 0 component is handled separately, for the evaluatioﬁi,gjf(G = 0) involves
an integration oBj,4(r) over the entire volume of the macroscopic sample, which requires the

specification of its shape. A common choice is a spherical sample, so that
Bina(G = 0) = 4oy - Bo, (4)

whereq is a diagonal tensor witbi = oy = 0z = 2/3, andyy is the magnetic volume suscepti-
bility tensor? For a cylindrical sample with the cylinder axis along gagirection, oy = Oyy=1/2

andoz;= 1. TheG = 0 Fourier component o (r) is thus
6(G=0)=—4nayy. (5)

While the accurate quantum chemical evaluation of chemical shielding tensors of small mol-
ecules has been routine for several decades, only within this last decade have methods emerged
that can treat the magnetic response of extended systems under 3D periodic boundary conditions.
Here, we evaluates(r) in the above periodic formulation, using the gauge-included projector
augmented wave (GIPAW) methtias implemented in the @ANTUM-ESPRESS®' suite of
plane-wave electronic structure codes. The GIPAW method is based on earlier work byeMauri
al. on the evaluation of the magnetic susceptibijftyand chemical shielding tenser(r) within
the pseudopotential approximatidi? GIPAW goes beyond pseudopotentials to obt{n) with
an all-electron, frozen core treatment.

In short, the GIPAW procedure begins with the zeroth-order electronic Wavefun({liéﬂ)s}
in the absence oBp. In the present case, we use Kohn-Sham density functional theory (DFT)

with the PBE approximatiol? for exchange-correlation, using a plane-wave basis set truncated at
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E:. = 70 Ry. For the systems of interest here, increasing this cut&f to 85 Ry only changes the
shieldings by~ 0.01 ppm. The first-order wavefunctiorﬁlyr(,l)} are then evaluated from the linear
response to the perturbation due to the presen&ofrom which the induced curre@yq(r) is
obtained. Finally, the induced fieBi,q(r) and shielding tensos (r) are computed according to
Egs. (1)-(4).

Since the focus of this work is oiH-NMR chemical shieldings, from this point an= o (ry)
unless otherwise noted. In a liquid, molecules are tumbling rapidly relative to typical NMR
timescales{ 10~° s) and so one effectively measures an orientationally-averaged, isotropic shield-
ing,

Giso = 3 Tr{o]. ©

The most immediate quantity from NMR is the chemical sbjftvhich is a difference in isotropic
shieldings,

0= Girsecf — Oiso (7)

wherec® is the shielding at nuclei X in some reference compound agds the shielding of the
same nuclei X in the compound of interest. A positive (downfield) shift means the nuclei of interest
is lessshielded than the reference, while a negative (upfield) shift means the nuclei of interest is

moreshielded than the reference. The chemical shielding anisofxopyg defined as
1
Ao =o11—5 (022+ 033), 8)

where o1, 02, 033 are the principal values of the irreducible rank 1 tenstb = (o+0T)/2,
with 611 > 092 > 033.

Bulk liquid water. We consider bulk liquid water at ambient conditions as the reference state,
and computéH chemical shieldings with a spherical susceptibility correctioa 2/3 [Eq. (4)].
The thermally-averaged isotropic shieldihg&%) is evaluated by averagingiso of each water
molecule over configurations from first-principles molecular dynamics (FPMD). We safgpte

15 configurations from an FPMD trajectory generated with classical Born-Oppenheimer dynamics,
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for N = 64 water molecules in a cubic box of siae= 1243 A. A simulation temperature of

T =400 K was used to partly mimic proton quantum effect¥ at 300 K. Such a temperature
rescaling was previously shown to yield radial distribution functions that are in good agreement
with experiment al’ = 300 K.1#41%Statistical errors are estimated by averagig of all protons

in an individual FPMD configuration, and taking the population standard deviation of the set of
configuration averages.

Our results are summarized in Table 1, and compared to previous theoretical bulk water studies
under periodic boundary conditions, and experiment. Among the prior theoretical studies, the
most direct comparison with ours is the work of Pfromreeal, *® who use a DFT-based linear
response approach similar to that employed here. However, there are differences in the underlying
details, the most significant being the FPMD simulations used to generate the water configurations.
Ref. 16 averages ov@&; = 9 configurations sampled from the Car-Parrinello simulation of Sprik
et al,1” which was performed for a smaller box Nf= 32 water molecules & = 300 K. There,

a rather large value gf = 1100 a.u. was chosen for the fictitious electron mass that is needed
in the Car-Parrinello scheme. Despite these differences, our reSLQHfii‘é) agrees closely with

Ref. 16. While such excellent agreement may be somewhat fortuitous, it is not unreasonable as
the underlying FPMD simulations in both cases give similar results for the overall liquid water

structure.

Table 1: Thermally-averaged isotropic proton shield(mi@ and shielding anisotropyAc'd)

for bulk liquid water. Ref. 18 reports only the gas-to-liquid chemical shift o o> — (o). Al
shieldings are in units of ppm.

(og) 8 (Bd")
This work 24.3(3) 26.9(5)
Ref. 16 24.3() 5.8(1)
Ref. 18 5.2(2)
Ref. 19 (expt.) 25.71(®) 27.4(1)

4Converted to an absolute shielding using the reported value for the reference shi@iﬁrl@ef. 16 evaluates the
statistical error as the sample standard deviation of all proton shieldings over all configurations.
bRef. 19 derives an absolute shielding using the chemical shift relative j@&$] see reference for details.

Sebastiani and Parrineftdalso use a DFT-based linear response approach, but there the mag-
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netic perturbation under periodic boundary conditions is handled differently from this work and
Ref. 16. The water configurations are generated by the CPMD simulations of Silvesite|?°
which should be similarN = 32, T = 303 K, u =900 a.u.) to that used in Ref. 16. Ref. 18 does
not report averaged absolute shieldings, only the gas-to-liquid shift.

While changes in the isotropic shieldig, are usually taken as qualitative signatures of hy-
drogen bonding, the shielding anisotrafyy is a much more sensitive measure of hydrogen bond
formation and geometry thaiso.2%2 For solids, high-resolution, solid-state NMR techniques
can determine the orientation and principal values of the shielding tensor. These methods are not
applicable to the liquid state, where information about the components of the shielding tensor is
averaged out by molecular tumbling. To our knowledge, the only measurem(;nsw'bo\‘} in lig-
uid water is by Modiget al, who extract(AG"q) from proton spin relaxation rate$. Average
hydrogen bond distances and angles were subsequently inferred by fitting to a geometrical model
relating the liquid structure tés.%) and (Ac"?).22

Here, we evaluatmc"q> by computingAc for each proton from its instantaneous principal
value, and then averaging the individusd over configurations. This averaging is done over
the sameN; = 15 configurations used in the evaluation(aﬂ%> above. The result is listed in
Table 1, along with the experimental value from Ref. 19. While the ability of FPMD simulations
to reproduce the correct radial structure in liquid water has been demonstrated, the good agreement
seen between the theoretical and experimental valumf@'liq> confirms the ability of the FPMD
to give the correct angular structure as well.

Water in carbon nanotubesFirst-principles calculations for the magnetic response‘&ad
NMR chemical shifts of empty, infinite CNTs have been reported previdiishf Here, we eval-
uateH-NMR shieldings of water enclosed in semiconducting, zigzag (14,0) and (19,0) CNTSs,
whose diameters ak= 11.0 A andd = 14.9 A, respectively. In order to isolate the effects of
the nanotube, we begin by considering a single water molecule in a (14,0) CNT. The water/(14,0)
nanotube system is modeled in a tetragonal supercell with lattice parametdys= 17.0 A, and

c= 127607 A, which corresponds to three primitive nanotube unit cells along-#xés, and 6 A
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of vacuum between nanotubes. The susceptibility corrections to the chemical shieldings [Eq. (4)]
are evaluated agyx = oyy = 1/2 andaz, = 2/3. This choice was previously shown to yield the
fastest convergence of th&C-NMR chemical shifts with respect to the inter-tube spa&hghich

we have also verified here. Integration over the Brillouin zone is done usingmnts spaced

Ak = 0.04924 A1 apart. These computational parameters are similar to those in Ref. 25 (except
for the plane-wave basis cutd, which is necessarily higher here due to the presence of oxygen
atoms), and yieldH-NMR shieldings that are converged<o0.5 ppm.

The water molecule is positioned with the oxygen at the CNT center, in two different orien-
tations: one O-H bond oriented parallel to the tube axis, and both O-H bonds perpendicular to
the tube axis. Table 2 lists the principal values for the proton shieldings, along with the isolated
molecule valuesi., no CNT present). Upon encapsulation in a CNT, the most dramatic change
isad ~ —22 ppm upfield shift inojge, relative to the isolated molecule. This is quite large, consid-
ering that typical proton chemical shifts in small organic molecule®ared — 10 ppm downfield
relative to tetramethylsilane (TMS). The changeoig, upon encapsulation is at least an order
of magnitude larger than changes due to intramolecular distortions, or the relative position of the
molecule within the CNT. On the other harly is sensitive to the orientation of the water rela-
tive to the tube axis. Inside the CNT, the largest decreaAeif~ —9 ppm) occurs when the O-H
bond is parallel to the tube axis, while the largest increas&d ppm) occurs when the O-H bond
is perpendicular to the tube axis.

Similar behavior is also seen in the calculations of Besley and Noble for the proton chemi-
cal shifts of a variety of small molecules in CNTs. In general, they find upfield shifts relative
to the isolated molecules, on the order of arowiB ppm to—26 ppm for the zigzag CNT$’
However, the study of Ref. 27 differs significantly from ours. In particular, they model finite,
hydrogen-capped CNTs using molecular quantum chemical methods with localized, Gaussian ba-
sis sets (gauge-including atomic orbitals method), while we consider here an infinite CNT with
plane-wave basis sets. Zurekal.?® have made a direct comparison betwé&a-NMR shifts in

capped and infinite CNTs, and found very slow convergence of the capped CNTs with respect to



Patrick Huang et al. Water confined in carbon nanotubes

Table 2: Principal values; 1, 022, andoss of the proton shielding tensor, isotropic shieldixg,,
and shielding anisotropftc for the water molecule. The three sets of values correspond to: no
CNT present, one O-H bond parallel to the tube axig)(tdnd both O-H bonds perpendicular to

the tube axis (H). All shieldings are in units of ppm.
011 O 033 Oiso Ao

No CNT:
H 4143 2556 23.41 30.13 16.95
Parallel:
HH 57.84 54.46 46.27 52.86 7.48
H 70.82 54.32 33.33 52.82 27.00

Perpendicular:
H, 72.62 56.45 29.43 52.83 29.68

tube length; this is consistent with our own observations of finite-size effects-&MR shifts in
CNTs.

We check whether this strongly diamagnetic environment is restricted to the interior of the
CNT by considering water molecules outside a nanotube. In an actual sample, nanotubes typically
aggregate in bundles, creating interstitial regions that molecules could potentially occupy. This
is modeled as a hexagonal array of CNTs with a single water molecule in the hollow sites. The
interstital water is oriented with one O-H bond parallel to the CNT, and the second O-H pointing
towards the region between two adjacent CNTs. We did not attempt to optimize atom positions, as
the aim here is to qualitatively probe the proton shielding in these regions. Brillouin zone sampling
is done using a 4 4 k-point mesh along the lateral directions, and the sampling along-#xes
is the same as the isolated nanotube calculations above. A cylindrical susceptibility correction
[EQ. (4)] of oxx = ayy = 1/2 anda; = 1 is used. We find downfieldproton shift ofé ~ 1.7 ppm
andd ~ 0.5 ppm relative to the isolated water molecule, with the smaller shift due to the proton on
the parallel O-H bond. While the direction of the shift is opposite to that of water inside the CNT,
the magnitude is not nearly as dramatic.

It is unlikely that the large effects of the CNT on the confined water shieldings are due to chem-
ical bonding interactions, as the water is positioned too far from the carbon atoms in the cases dis-

cussed above. Instead, these effects can be understood as originating from induced currents on the
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CNT. This is analogous to the textbook example of ring currents in benzene andatbejugated
molecules, which generate a strongly anisotropic induced field that causes large chemical shifts in
nearby protons. In CNTs, the application of an external magnetic field along the tube axis gen-
erates extended currents encircling the circumference of the nanotube, whose topology creates a
strongly diamagnetic environment inside the nanottfudere, we have quantified these effects on
the proton isotropic shift, and demonstrated the sensitivity of the shielding tensor components to
the orientation of the encapsulated water molecule.

We see similar behavior in the thermally-averaged isotropic proton shieQdfﬂg for liquid-
filled (14,0) and (19,0) CNTs. The (14,0) CNT contains 34 water molecules in a tetragonal su-
percell similar to the one used for the single water molecule calculations above, except with a
longer lengthc = 25.52 A. This corresponds to six primitive nanotube unit cells along:thgis.

liq

<o) and shielding anisotropMcr"q> are evaluated by sampling

The averaged isotropic shielding;
N = 12 configurations from the FPMD simulation of Cicaroal.* As with bulk water, the FPMD
simulations were run a = 400 K. The liquid-filled (19,0) CNT is modeled similarly, except it
contains 54 water molecules in a supercell with leroghl7.06 A, corresponding to four primitive

nanotube unit cells along tleeaxis.

Table 3: Thermally-averaged proton shieldifg") and shielding anisotropyc'@) for liquid
water in a (14,0) and (19,0) CNT with diametkrThe shiftd is referenced relative to the computed
bulk water isotropic shielding of 24.3(3) ppm (Table 1). All shieldings are in units of ppm.

d (o (@) 5

(14,0) 11.0A 48.5(4) 25.3(5)—24.2(5)
(19,0) 14.9A 47.1(8) 25.3(7) —22.8(9)

The results are summarized in Table 3. Like the single encapsulated molecule, the most notice-
able effect in the confined liquid is the large upfield shif(dri%> relative to free bulk water. Again,
the size of this shift is much larger than changes expected from reasonable variations in the liquid
structure or computational parameters in the DFT linear response methodology. On the other hand,
the confined quuid(Ac"q) is similar to that of free bulk water. Given the above observations for

single moIecuIes(AG"q) is sensitive to both hydrogen bonding in the liquid, and the orientation

10
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of individual water molecules relative to the CNT axis. The computed shieldings for water in the
(14,0) and (19,0) tubes are very similar, and more statistical sampling would be required in order
to clearly resolve any differences.

Figure 1 shows the shieldings of individual protons as a function of radial distainosn the
center of the (14,0) and (19,0) CNTs. The corresponding radial hydrogen density distributions
from Ref. 4 are also shown. The spread in proton shieldings is generally quite large, which reflects
the sensitivity of the proton shieldings to the local hydrogen bond environment. A similar effect
was also seen in the bulk water studies of Refs. 18 and 22. Nevertheless, one clear feature is
evident: in both the (14,0) and (19,0) CNTSs, the distributiorogf for protons closest to the

CNT wall exhibits a significant narrowing and shift to higher values, while the distributidxwof

narrows and shifts to lower values.

60

40 ¢

[ppm]
[ppm]

201 °
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o

5 6 0 1 2 3 4 5 6
r [A] r [A]

Figure 1: (color on-line) Upper panels: Isotropic shieldamg, (blue) and shielding anisotrogyo

(red) for individual water protons in a (14,0) CNT (left) and (19,0) CNT (right), as a function of
distancer from the nanotube center. Lower panels: Corresponding proton densities, adapted from
Ref. 4. The (14,0) CNT radius is 5.5 A, and the (19,0) CNT radius is 7.45 A.
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As previously described in Ref. 4, the CNT-confined water has an interfacial layer that peaks at
about 3.5 A from the CNT wall. The water molecules in this interfacial layer are mostly arranged to
form hydrogen bonds parallel to the CNT wall. The small shoulder seen in this first density peak
is due to a slight preference for molecules to orient with a non-hydrogen-bonded O-H pointing
out towards the CNT wall. By comparison with the radial densities, the qualitative changes in
the shieldings at the interface correlate with these non-hydrogen-bonded O-H, which are shifted
upfield relative to the other hydrogen-bonded protons. The main difference in the confined liquid
structure for the (14,0) and (19,0) CNTs is that the smaller (14,0) CNT essentially contains just
interfacial water with very little liquid in the center of the nanotube, while the (19,0) CNT is large
enough to hold both an interfacial layer and a bulk-like fluid in the interior.

There is a large spread in the experimental values for the isotropic proton shifts of water con-
fined in CNTs, which is likely to be due to different CNT preparation procedures, as well as the
precise details of how the measurements are carried out. The early experiments oeGhlosh
report a confined water resonance at 13.8 ppm and free bulk water at 4.6 ppm, implying that con-
finement in CNTSs results in a +9.2 ppdownfieldshift relative to bulk water. Sekhanet al.®
and Cheret al.2 subsequently employed magic angle spinning techniques to improve the spectral
resolution; both studies found the confined water resonance to be siyifiett relative to their
reported resonances for free bulk water,-68.3 pprmP and—4.4 ppm& respectively. Matsudat
al.” report a larger- —15 ppm upfield shift for the confined water relative to free bulk water.

The theoretical calculations here for the liquid-filled CNTs find large upfield shifts relative to
bulk water, that are around8 ppm to—9 ppm farther upfield than the results of Matsedal.” In
general however, one must be careful in making a direct comparison between our ideal, defect-free,
single CNT model with experiments, as the process of opening the CNTs will certainly introduce
defects that can potentially obscure the experimental data. We have repeated the single encapsu-
lated water molecule studies above, using instead a CNT with a single Stone-Wales*8bfect,
the differences were minor compared to the large proton shifts induced by the defect-free CNT.

However, this may or may not be representative of the types of defects formed during sample

12
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preparation, and a thorough survey of possible defects is beyond the scope of this work. We note
that a recent experimental study using a gentler procedure to remove end caps fepbiviR
spectra for ethane gas in CNTs. A broad resonance for confined ethane is observed, whose peak is
shifted by> 50 ppm upfield relative to the free ethane resondice.

In summary, we have evaluated the magnetic responsétMMR chemical shieldings of
water confined in ideal, infinite CNTs. The calculations are done using a DFT-based linear re-
sponse theory with plane-wave basis sets and periodic boundary conditions. The confined water
resonance is shifted upfield relative to free, bulk water. This is consistent with previous theoretical
work on empty CNTs, which find a strongly diamagnetic environment in the interior, as well as
with the more recent experiments reported to date. For the liquid-filled CNT, we find the magni-
tude of the confined water shift to be —23 ppm upfield relative to free bulk water, which is still
large compared to the range 8.3 ppm to—15 ppm seen in experiments so far. However, the
large spread in the experimental values suggest that the actual shift is probably very sensitive to
details involved in sample preparation. A more detailed examination of the proton shieldings for
the confined liquid reveals a component associated with non-hydrogen-bonded O-H groups at the
immediate interface between the liquid and the CNT wall, and a component due to the bulk-like
interior. Future work will consider the role of defects on confined water chemical shifts.
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